The d issociat ion co nstant of 'l -a minopy ridinium ion in water a t 11 tempcratures from 0° to 50° C has bee n d eterm ined from elec tromotive forc e meas urem en ts of 19 approximat e ly eq ulmolal aqu eou s buffer solutions of 4-aminopyridin c a nd 4-a minopyridillium chlorid e. Cells wi thout liq uid jun ction were used ; the cell is represe nted as foll ows:
Introduction
The usefulness of 4-aminopyridine as a standard for the direc t titration of acid solutions has b een pointed out by Van H all and Ston e [lV The base is a solid substance at room temperature, melting at 161 ° O. I t is a monoprotic base with an equivalent weight of 94.119 and can be purifi ed easily by recrystallization from toluene or benzene or by sublimation.
Oonductivity data [2, 3] and potentiometric titrations [1 , 4] indicate that the negative logarithm of the basic dissociation constant is approximately 4.8 to 4.9 at 20° t o 25° O. 4-Aminopyridine is accordingly about as stron g as ammonia and is consequently a strong enough base to yield a sharp inflection point when titrated with a solution of a strong acid. Furth ermore, the equivalence poin t of the titration matclles the pH of the color transformation of m ethyl r ed sufficiently closely that this convenient indicator can b e effectively utiliz ed [1] . The base is now available commercially in pure form. One company supplies material specifically intended for use as a r eference standard in acidimetry.
It appears likely, therefore, th at 4-aminopyridine will find incl"easing use in the r esear ch laboratory. An accurate knowledge of the acidic dissociation 1 Figures in brackets indicate the literature references at the end of this paper. cons tan t of 4-aminopyrjdinium ion 0 vel' a r ange of tempera tures will permit this acid-base system to b e used for pH conLrol in the r egion pH 8.5 to 9.5 wbere the undesirable side reactions of borate buffers often preclude the use of borax or boric acid. The mechanism of the acidic dissociation of the cation acids co njugate to weak bases is a subj ect of continuing in terest in this labora tory (see for example ref. r5,6,7] ) . The changes of entropy and heat capacity calculated from tbe temperature coefficien t of the dissociation cons tan t offer a possible means of assessing the relative impor tance of the sever al structural factors on which the extent of acidic or basic dissociation is known to depend [8] .
Determination of the Dissociation Constant
The emf method, which has been described in som e detail in earlier publications [5, 9, 10] , makes use of a cell without liquid junction :
where m[ and mz r epresent r espectively tbe molalities of 4-aminopyrid inium chloride (BI-I Ol) and the corresponding free b ase (B). The dissociation of the 4-aminopyridinium ion can be formulated (1) The thermodynamic dissociation constant is represented by the symbol K bh .
In asmuch as 4-aminopyridine is a stronger base than water, the point of equilibrium in reaction (1) lies rather far to the lef t. Indeed, the free base reacts with water (dissociates) to a sufficient extent that a small correction must be appli ed to m, and m2 to obtain the true concentrations of BH+ and B.
The dissociation reaction is B + H 2 0 = BH++ OH-, (2) and the corrected concentrations of 4-aminopyridinium ion and 4-aminopyridine are given by and (3)
In order to relate K bh in n, useful way to the emf (E) of the cell, the mass-law expression for K bh was combined with the N ernst equation for the cell . The resul ting equations are as follows:
In deriving these equations, the concentrations of BH+ and B were expressed by eq (3) and (4), the term jnH+j c ,-aH2o/fn (where j is an activity coeffi· cient on the molal scale and aH 20 is the water activity) was expressed by an equation of the Huckel form containing two parameters, a * and (3, and the DebyeHuckel constants A and B [11] , and the ionic strength was set equal to the molality of 4-aminopyridinium chloride.
For convenience, (-log K bh -(3m,) is called -log K~II' It is evident that K~h is an "apparent" or inexact value of the dissociation constant which, however, becomes equal to the true value of the thermodynamic constant K bll when m, becomes 0, that is, at infinite dilution.
In eq (5a), E O is the standard poten tial of th e hydrogen-silver chloride cell [12] and R, T, and F are, respectively, the gas constan t per mole, the temperature in degrees Kelvin, and the faraday. Th e term pwH, a useful experimental quantity numerically equal to -lo g(fBfc,mH) , was defined in an earlier publication [13] . Tts equivalent in terms of the , emf and chloride ion molality is readily apparent from a comparison of eq (5a) and (5b ).
It has been shown [14] that the hydroxyl ion concentration can be obtained with the accuracy needed to correct the buffer ratio by (6) where I{w is the ion prodnct constant for water [9] . This approximation is quite satisfactory if the base is not too strong (i.e., when mOR is not too large). It has been found to be adequate for the calculation of the dissociation constant of piperidinium ion (mOR "" 0.002 ) [7 ] but fails when applied to the treatmen t of the data for CaOH+ (mOB ""0.02) [15] .
Experimental Procedures
Commercial, un purified 4-aminopyridine was recrystallized from a mixture of benzene and alcohol.2 It was then crystallized twice from water, crushed, and dried for four hou rs at 105° C as recommended by Van H all and Stone [1 ] . A further drying for two hours at 110° C brought abo ut som e sublimation . T he melting point was found to be 160° C at a heating rate of abou t 1 ° C min -i.
Hydrochloric acid of reagent grade was diluted to about 6 Ai and distilled twice, the middle t hird being collected in each instance. The redistilled acid was dilu ted to make a stock solu tion with a molality about 0.1 which was standardized by a gravim etric determin ation of chloride as silver chloride. Two differen t stock solutions were used in th e course of the work. On the average, replicate determinations of the molality agreed within ± 0.02 perT,en t. The assay of the purified 4-aminopyridine was determined by titration with the standard solu tion of hydrochloric acid . The concentration of pyridinium salt at the endpoint was about 0.035 M, and the pH was adjusted to the calculated equivalence point (PH 5.3) with the aid of a glasselectrode pH meter. The material assayed 100.0 ± 0.1 percent.
Foul' stock solu tions composed of 4-aminopyridine and hydrochloric acid were prepared. Each of these was diluted with distilled water to make other cell solu tions, but no more than five cell solu tions were prepared from each stock solu tion. Dissolved air was removed from th e solu tions by passing purified hydrogen through them for about 2 hours before the cells were filled. The cell vessels were flushed with hydrogen; the solution was then ad mi tted and the vessel filled and emptied twice before the final filling. The preparation of the electrodes has been described elsewhere [16] .
The solubili ty of silver chloride in a O.I-M solu tion of 4-aminopyridine was fo und to be 0.00104 mole 1-1, from which the equilibrium constant (f{J) for the formation of the complex ion AgB2+ is found to be 7 X 10 5 • The 4-aminopyridine complex of sil ver ion is thus considerably less stable than the 9 .89 . 9 .85 9.81 ~======================================~ 9.12 o .c • .0 '" corresponding silver-ammonia complex, Ag(NH3)+2' £01' which the formation constant (K t ) is about 1.6 X I0 7 [17] . Bates and Pinching [5] showed that the percentage increase in mC I du e to solubility of silver chloride is n early propor tional to K sp K t , where K sp is the solubility product constan t. For buffer solutions containin g equimolal amo unts of ammonia and ammonium chlorid e this quantity amounts to about 0.003, but it is only 0.00011 for the 4-aminopyridine buffers studied here. Inasmuch as the largest correction applied to the ammonia resul ts was about 0.002 in pwH [5] , i t is evid ent that a n egligible error will be incurred by th e formation of complexes between silver ion and 4-aminopyridine in the buffer solu tions of the present study.
g 9.08 o 00 Bruehlman and Verhoek [18] have found that plots of log K, for amine-silver complexes versus -log K bh for the base in question consist of a series of straight lines, each ch aracteristic of a differ ent class of base. The data for pyridine and two of its homologues fall on the line of the primary amines rather than th at of th e tertiary amines . It is of interest to note that our r esult for 4-aminopyridine al 0 lies close to the line characteristic of the primary ammes. 9 .04 ~====================================~~ 8.48 The emf data wer e corrected in the usual way to a partial pressure of 1 atm of dry hydrogen. The values of the emf summarized in table 1 represent the average of two hydrogen-silver chloride electrode combinations in the same cell. At 25° C, the mean difference betw een pairs of electrodes in the SfLme cell was 0.06 mv. 8 
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_ Thermodynamic Quantities
The method of least squares was used to express -log K bh as a function of absolute temperature by an equation of the form suggested by Harned and Robinson [19] , namely B etween 0° and 50° 0, -log Kbh is given by
The constants of this equation were determined by the IBM704 computer. The average difference between "observed" and "calculated values at the 11 temperatures is 0. 0014 .
By th e application of well-known thermodynamic relations, the standard changes of Gibbs free energy (t:J.GO), enthalpy (t:J.l-JD), entropy (t:J.SO) , and heat capacity (t:J.0;) for the dissociation process, eq (1), in the standard state were derived from the constants of eq (9b). The resul ting expreSSlOns for these quantities are as follows: Elliott and Mason [20] have calculated the heat and entropy of ionization of 4-aminopyridinium ion from values of -log K bh at three temperatures, 
From the constants of this equation, thermodynamic quantities for the basic dissociation of 4-aminopyridine (B) at 25° 0 were calculated, with the following resul ts: Process : B + H 20 = BH++ OH-at 25° 0 t:J.Go = 27 ,880 j mole-1 Mlo = 9,490 j mole-1 t:J.So = -61.7 j deg-1 mole-l t:J.0~= -180 j deg-1 mole-l.
Discussion
Recent studies [20 to 22] indicate clearly that it is the nuclear, or pyridine, nitrogen of 4-aminopyridine which has much the greater attraction for the prolon. Indeed, Hirayama and Kubota [21] found that the proton does not add in si.gnificant amoun ts to the amino nitrogcn eve n in 50-percent sulfuric acid. They estimated -log K bh = -6.55 for t he dissociation of the bivalen t cation acid, +H 3NC 5H 4NH +, in 95-percen t sulfuric acid.
Pyridine itself is a very weak base (-log Kbh about 5.2 ) and a nilin e is still weaker (-log Kbh = 4.6 ) . It is of in terest to inquire into Lhe reasons for th e ten-thousandfold in crease in basicity of th e nuclear nitrogen atom when an am ino gro up is substitu ted on the carbon atom located in posi tion 4. Albert, Goldacre, and Phillips [3] , in th eir study of th e strength of heterocyclic bases, attribu te the increase to increased resonance in the structure of the ion. They point out t hat analogous compounds in th e quinoline and acridine series also show a similar mcrease.
It is well understood that an uncharged base tends to add a proton if resonant stru ctures imparting greater stabili ty to the cation than to the free base itself exist [23] . The low basicity of aniline can be explained by the fact that th e resonance en ergy of the neutral h ase is greater than that of the an ilinium ion. The resonance tructure which makes the strongest co ntribu tion appears to he t he following:
In this resonance configuration, a flow of electrons to ward the r ing gives rise to a residual posi tive charge (8+) on th e amino nitrogen, which in tum repels the pro ton . No similar resonance con tribution is possible in anilinium ion .
On the other h and , t he weakly basic nature of pyridine canno t be explained on the basis of resonan ce. Similar resona nce structures can be written for both pyridine and pyridinium ion, so that resonance do cs no t favor t he molecular form, as is the case with a n iline.
The weak ness of pyridine as a base is presumably due to th e fact that the nitrogen is doubly bonded to one of th e adjacent carbon atoms in each of the Kekule stru ct ures. It can be shown on theoretical grounds that a n atom joined to another by a mult iple bond holds its remaining electrons more firmly than usual [23 ] . The donor properties of the nitrogen atom are co rrespo ndin gly lessened .
The greatly enhan ced basicity of the nuclear nitrogen in 4-aminopyridine appears to be the result of a strong contribu tion of th e resona n ce co nfiguration to th e stru cture of the free base [23, 24] .
The increased density of cbarge on the ring nitrogen attracts protons, whereas th e residual positive charge of the amino nitroo-en repels th em so effectively th at almo t no basicity in t he usual sense remains. Hesonan ce structures lik ewise stabili ze the cation effectively.
A compariso n of t he dipole moments of aniline, pyridine, ftnd 4-aminopyridin e offers some s uppor t for th e existence of the reSOIH1nt structul'e in t he free base [24] . A simpl e linear combination of the mom ents of anilin e (1. 90 Debye units) and p~Tridine (2.22 D ebye units) in dioxane solu tion would kftd to a moment of 4.12 if the vectors are all in the plane of the ring. The observed moment for 4-ami11 0-pYl'idine in dioxane is 4.36 D ebye units, pointing to an appreciable contribution of the resonant configuration. Sidgwick [25] has suggested that 4-aminopYl'idin e can exist in a tautomeric imine form, HN =C5H4NH. 3 The symmetry of this tautomer would, however, probably cause th e molecule to exhibit only a mall dipole moment; hence, the relatively large o bserved moment would appear to rule ou t tbe existence of this tau tomer in signifi cant amoun ts in dioxane solutions of 4-aminopyridine.
The interpretation of the ch anges of heat content, entropy, and heat capacity th at accomp any the dissociation of univalent cation acids s hould be somewhat simpler, in view of the equality of charge distribution among reactants a nd products, th a n th e in terpretation of tbe corresponding data for unch arged acids or anion acids. 4 It is nonetheless still exceedin gly complex and, furthermore, is hampered by a lack of data for a group of sever al related, sterically similar , acids.
In terms of the Harned-Hobinson equation , cq (9a), the difference between !:J. so a nd !:J. 0; for a given acid or bftse is co nstant and indepe ndent of temp erature: anlinopyridinium ion is very small ; hence, !:J.so and !:J. C; are nearly equal. K evertheless, these two quantities need not always have the same sign; for the dissociation of piperidinium ion [7] , !:J. s o at 25° C was fo und to be -34 j deg-1 mole-1 whereas !:J. C 1 ; was 88 j deg-1 mole-1 at the sftme temperature. This decrease of entropy on dissociation, larger t han h t1S been found for other acids of this ch a rge type, was attribu ted to steric exclusion of solven t from the immediate vicinity of the piperidinium ion. Co nseq uently, the entropy-increasing efl'ect of the r elease of water molecules on dissociation is abse nt.
If it be assumed that the two free bases are equally solvated, it may be reasoned thftt t he wider distri-bution of charge possible with the existen ce of resonant forms permits more extensive solvation of ~-an:inopyridinium ion than occurs with piperidinlum lOn.
If ch anges in solvent orientation play a n important part in determining the sign n,nd m agnit ude of the entropy change on dissociation, the same should be true of t he heat cap acity cha nge: relen,se of water from combination would be expected to bring n,bout an in crease in bo th entropy and h eat capacity. Structural chn,nges, however, sometimes result in an increase in one of t hese quan tities and a decrease in the other. Unfortunately, no independent assessm ent of the degree of solvation of the acidi c and basic fo rms is available, and our knowledge of the details of the geom etry of the molecules and ions and their immediate surroundings is likewise incomplete. Thus, m easurem ents of the entropies and heat capacities for dissociation r eactions arc as yet unable alone to provide a n insigh t into the mechanisms of acid-base b ehavior.
